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Abstract 
One of the main obstacles to the application of composite materials in aviation is the 
manufacturing cost. Then composite production cost estimation model is needed in 
the design of a composite wing. The thesis first focuses on the most widespread 
technologies available in the composites manufacturing field, and then it develops a 
cost model, based on a modular construction, suitable for the analysis of different case 
studies. This model is used to assess the production cost of a wing built from scratch 
with two different configurations and manufacturing technologies. The first 
configuration is a multi-ribs wing and the second is a ribless configuration with three 
spars. The study is carried out on each of them with two manufacturing processes. The 
first consists in a hand lay-up deposition of prepreg and cure in autoclave, the second 
in dry fiber laid with AFP, liquid infusion of resin and cure in oven. The aim of this work 
is to evaluate the most cost-effective configuration and the main parameters affecting 
the production costs. 
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1 Introduction  
Since the 1940s, composite materials began to be introduced in the military field, thanks 
to their unique physical and mechanical characteristics; nowadays they are present in 
almost every industrial sector [1]. Moreover the improved manufacturing processes and 
the continuous material innovations made composites desirable in most applications. 
In addition to the well-known weight savings, a further beneﬁt related to these materials 
lies in producing near-net or net-shape parts, thus minimizing the cost of assembly and 
machining. 
Notwithstanding these advantages, the cost of composite parts is still higher than the 
equivalent made with mature metal technologies. This reason represents the main limit 
to the composite materials spread out. Here it’s apparent how production cost estimates 
becomes an essential element during the design process of composite products. 
In view of these considerations currently the aircraft manufacturers, to be competitive, 
are focusing on automated manufacturing methods. The automation in fact meets the 
need to reduce material waste, processing time and manual labor [2]. 
Addressed to the cost estimation and the reduction cost needs, this thesis aims to 
implement a cost model in order to assess the production cost of a wing built with two 
different constructive solutions and manufacturing technologies and to determine the 
most cost-effective one. For each configuration, a process based on the hand lay-up 
deposition of prepreg and cure in autoclave is compared with a second process 
implementing the combination of the Automated Fiber Placement (AFP) and the Out-
of-Autoclave (OoA) technologies. The loss of the overpressure generally leads to the 
formation of voids, resin-rich and resin-starved areas. The material innovation instead 
obtained avoiding the autoclave in favor of the OoA systems, applied so far only for 
non-structural parts, nowadays is under investigation also aircraft’s primary structures. 
The improved resin matrix rheology with better flow characteristics leads the way 
towards OoA systems freeing from the disadvantages of the autoclave like the size 
constraints and the massive investment of owning and operating an autoclave [3].  
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2 Material evaluation and selection 
The process of converting an idea into a product that can be manufactured, is made-up 
of numerous stages, each of them can’t leave aside the decision of which material the 
product is to be made. 
Nowadays the choice can be done among ten thousands different materials. This 
number is continuously increasing pushed by the need of ever-increasing performance. 
It is an example how turbine stages in engine aircraft drive development of high-
temperature alloys and ceramics. 
Sometimes the same variety of materials suggests new products or the innovation of the 
old one, aimed to enhancing their performance. 
For these reasons aeronautical designers are expanding in the last two decades from the 
traditional focus of metallic structures to the new composite materials. The principal 
motivation that drives this change is the weight saving, the reduction of the number of 
parts and joints (manufacturing of complex parts in one-shot), reduction in assembly 
time etc. 
On the other hand one of the major impediments to the composite materials spread is 
their price. A metallic solution is still cheaper than the composite one. 
 
Figure 2.1 Material Cost vs. Manufacturing Process Cost. 
As shown in figure 2.1 the metal initial cost is lower than the composite material. 
Although the reduction of assembly cost led by the reduced number of components, 
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thanks to the integration of the composite design, the final cost of a structure is now 
lower if made of metal. Then the challenge of introducing new advanced and automated 
manufacturing technologies, with the effort to reduce the raw material cost, can lead the 
final price to be similar between the metal and composite solution.  
The wide variety of materials available to the designer requires the formulation of a 
systematic procedure to select the material that best suits the structural design and 
performance targets. 
 
 
2.1 Material selection strategy 
Design is an iterative process that starts from an idea or a market need and ends with the 
detailed information from which a product can be manufactured. It is important in the 
early stage of design to examine the full materials menu. 
 
Figure 2.2 Design flow chart showing how design tools and material data enter the procedure. [4] 
First, this wide menu is narrowed by excluding all those materials whose properties 
cannot satisfy some operative constrains like the capability to be used at particular 
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temperatures or in corrosive environments, etc... Some of the narrowing properties are 
shown in the table 2.1. At this step the precision and the breadth of materials data are 
often approximate and in the form of charts. 
Class Property 
General physical  
Density 
Viscosity 
Tg 
Cure temperature 
 
 
Mechanical 
Modulus 
Tensile strength 
Hardness 
Fracture Toughness 
Fatigue strength 
Damping 
Thermal 
Thermal conductivity 
Specific heat 
Thermal expansion coeff. 
Electrical and 
Magnetic 
Resistivity 
Dielectric constant 
Magnetic permeability 
Environmental 
Interaction 
Oxidation 
Corrosion 
Table 2.1 Classes of proprieties. 
The succeeding choice, in the subset of materials, is achieved by ranking the candidates 
by their ability to maximize performance. For this purpose, by an analysis of function, 
objectives and constrains, the designer can maximize or minimize a combination of 
properties called material index that characterizes the material performance and points 
out which material performs better a design requirement.  
The menu is now made-up of few materials that only the final stage of detailed design 
can further reduce. The information required is wide and also the level of precision is 
higher. 
At last the choice of the only one candidate cannot derive from a systematic procedure. 
Other criteria must be taken into account as the material cost, the procurement and its  
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transport and also the level of carbon footprint
1
. 
Moreover the choice of the material, for each stage, cannot be made independently from 
the choice of the manufacturing process, considering the shape and the function of the 
final product as shown below. The geometry of the product introduces in fact many 
constrains in the technology applied in the manufacturing. 
 
Figure 2.3 Function, material, process and shape interaction. [4] 
 
 
2.1.1 Materials charts 
Material properties limit performance, as well as performance is generally limited not 
only by a single property, but by a combination of them. It suggests the idea of plotting 
one property against another for all materials in the same plot [4]. 
The resulting charts condense a large body of information, reveal correlations between 
material properties and lend themselves to performance-optimizing techniques. Another 
feature is that each class of material lies into a clearly defined field in the chart. 
Below are presented only a few examples, the first of which will be used later to show 
how these charts are a useful tool for the choice of a material. 
                                                            
1 The total steps of greenhouse gases emissions throughout the whole life of a product, from cradle to 
grave. 
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Figure 2.4 Young’s modulus against density. [4] 
 
 
Figure 2.5 Strength against density. [4] 
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In figure 2.5 strength has to be considered as yield strength for metals and polymers, 
compressive strength for ceramics, tear strength for elastomers and tensile strength for 
composites. 
 
Figure 2.6 Specific modulus against specific strength. [4] 
 
 
2.1.2 Material indices 
As said earlier a product has to satisfy a function like carrying a load or a pressure or 
working in a certain range of temperature. Usually that target is required to be achieved 
under further constrains, for example making it as light or as cheap as possible. 
Below an example of how to use the material indices together with the material charts. 
Example 
Consider a beam of square section of area A, length L, mass m loaded in bending. 
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Figure 2.7 Beam of square section loaded in bending. 
The sizing must meet the constrain on the beam’s stiffness, meaning that it must not 
deflect more than an imposed value δ . 
Called the stiffness S, it must be greater than the value: 
 1
3
C EIF
S=
δ L
   (2.1) 
Where 1C  is a constant which depends on the distribution of load and the constrain 
condition. Considering the second moment of area 
2A
I=
12
 and the relation m=AρL , the 
condition (2.1) gives 
 
1
2
3
1
2
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  (2.2) 
You can see how all the material properties are present only in the variable 
1
2E
M=
ρ
 and 
to minimize the mass, preserving the stiffness limit, must maximize its value. 
In the following is shown how this material index, M, changes with the section 
geometry. 
1
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1
3
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E
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M
E
M
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
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

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

  
It is important to observe how this parameter can be displayed on the Young’s modulus 
against density material chart by a straight line with a different slope for different 
section shapes. 
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Figure 2.8 Young’s modulus against density chart with the lines for a stiffness design with minimum 
weight. [4] 
The best choice is provided by the materials with the largest value of M, so those above 
the line representing the particular case study. 
 
2.2 Carbon fiber 
Carbon fiber reinforced polymer is a material that, thanks to its own properties, is 
widely used in the aeronautical field. It can rely on the excellent levels of specific 
stiffness and specific strength, as well as good thermal, electrical and chemical 
properties. Its spread is also supported by new automated systems in fiber placement. 
The production process of fibers can strongly change their properties. For example 
varying the temperature you can change their stiffness and the strength. 
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Figure 2.9 Strength-Young’s modulus-heat treatment of carbon fiber.  
Below there are the graphs with the most important properties of the dry carbon fiber.  
 
Figure 2.10 Young’s Modulus of the different classes of carbon fiber. 
 
 
Figure 2.11 Density of the different classes of carbon fiber. 
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Figure 2.12 Tensile strength of the different classes of carbon fiber. 
 
Figure 2.13 Cost ratio of the different classes of carbon fiber. 
 
 
2.3 Matrix properties 
Fiber-reinforced polymers (FRP) are made of three essential constituents: fibers, 
polymers and additives. The additives include plasticizers, impact modiﬁers, heat 
stabilizers, antioxidants, light stabilizers, ﬂame retardants, coupling agents, and others. 
The matrix plays the important role of binding the fibers together. The contact between 
the matrix and the fibers occurs through well-defined surfaces. From the interfacial 
bond strength derive some important characteristics of the composite. For this reason 
coupling agents are used for greater bond strength [5]. Even if sometimes a weak 
interface is preferred for energy-absorbing systems, since the debonding during fracture 
absorbs a lot of energy [6]. 
The matrix provides also the protection from the environment, the impact and the 
abrasion. It sustains the compression load against buckling and the shear forces. From 
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the matrix derives also the maximum usage temperature. Choosing the type of polymer 
you define the composite behavior about these properties. 
 A polymer is a long chain molecule with a repeating unit called monomer. The most 
widely used are thermoset and thermoplastic polymers. The first ones are generally used 
for producing structural parts, the second ones instead are conventionally used in non-
structural applications. 
The reason can be understood analyzing the arrangement of their molecules. 
Thermosets present a three-dimensional network structure where the molecular chains 
are linked by crosslinks, absent in the thermoplastic structure. These crosslinks results, 
during the curing process, from chemical reaction driven by the heat externally supplied 
and the heat generated by themselves, being this process an exothermic reaction. The 
network structure is also influenced by the type of curing agent   used in the curing 
reaction. 
 
Figure 2.14 structure of a thermoplastic polymer (a) and a thermoset polymer (b). [7] 
The crosslinks are the explanation to most of the resultant properties of the matrix. They 
give rigidity to the matrix influencing the strength, the thermal and chemical resistance.  
Due to their presence thermoset polymers are somewhat brittle and susceptible to 
impact damage, but can work at temperature higher than thermoplastics because they 
limit the relative motion of the polymer chains [7]. 
It’s evident how the crosslinks modify also the important parameter for the polymers of 
the glass transition temperature Tg. This is the temperature at which the polymer 
changes its behavior from a glassy behavior to a rubbery behavior with the consequent 
degradation of the strength properties [6]. So a polymer with a high Tg has also a high 
strength level, it can be used at high temperature, but it has a brittle behavior. It has 
been noticed that this parameter is influenced by the presence of moisture. Specifically, 
this presence reduces the glass transition temperature how shows the following graph. 
13 
 
 
Figure 2.15 Variation of glass transition temperature due to the effect of absorbed moisture. [7] 
An advantage of thermoplastics is the less sensitivity to the absorption of moisture. 
The absence of crosslinks in thermoplastics allows the relevant advantage of being able, 
by the application of heat, to be re-melted and reshaped for other applications.  Also the 
repairs are easier to do. However the mechanical properties degrade as a result of 
repeated heating and cooling cycles. Further advantage of thermoplastics is the 
unlimited storage life at room temperature. Among the disadvantages can be counted 
the high viscosity that makes more difficult than the thermosets, the addition of fiber 
reinforcement. 
 
 
2.4 Composite properties 
The properties of a fiber reinforced composite are a function of the constituent 
elements. For example, referring to the figure 2.16 consider the stress-strain behavior of 
the composite, it depends on the mechanical response of the fiber and the matrix, but 
also on their relative content and the direction of the applied load. In this situation the 
tensile stress is applied along the fibers direction, they are considered totally brittle and 
the matrix shows ductility after a linear elastic behavior. 
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Figure 2.16 Stress-strain behavior of fiber, matrix and composite. [5] 
The properties of a composite depend also on the relative proportion of the constituents, 
their size, distribution and orientation inside the composite. 
 
 
Figure 2.17 Parameters that influence composite properties (a)concentration, (b)size, (c)distribution, 
(d)orientation. [5] 
About the proportion some properties of the composite can be calculated by the 
equation 2.3 known as the rule of mixtures. 
 c r r m mX =X V +X V   (2.3) 
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Where X represents any particular property, V the volume fraction and the subscripts c, 
r, m refer to the composite, reinforcement and matrix. 
The size of the fiber is a parameter with a dual task. The smaller the size, the better will 
be the mechanical properties, because the size of  defects decreases. Furthermore, 
forcing the same volume fraction, reducing the size, the contact area between the 
reinforcement and the matrix increases, resulting in better properties. It’s difficult 
however to produce continuous fibers with diameter less than a micrometer and very 
fine fibers have the tendency to agglomerate leading a not uniform distribution. [5] 
Non uniform distribution should be avoided as much as possible during manufacturing 
because it determines the presence of regions with differet properties from the avarage 
properties of the material. So failure in a nonuniform composite starts in the area of 
lowest strengh affecting the overhall strength of the composite.  
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3 Manufacturing processes overview 
The main focus of this chapter is to describe the most common manufacturing 
techniques in the field of composite materials. These are discussed in terms of their 
limitations, advantages, methods of applying heat and pressure, type of raw materials 
used, and other important parameters. 
 
 
3.1 Prepreg 
Prepreg is the abbreviation for pre-impregnated, given to a single layer of fiber 
embedded in a resin with its hardener. Several variables define a prepreg: the fiber type, 
the fiber form, the resin type, the fiber areal weight, the prepreg resin content and the 
cured ply thickness. The presence of hardener implies that the resin undergoes a partial 
curing. That means prepreg has an “out-life” when remains useable at room 
temperature, and a “shelf-life” when is stored in sealed bags at certain low temperature, 
slowing down the resin polymerization process [8]. After this period, prepreg expires, 
but can still be deployed on a mould and cured, if the life extension procedure confirms 
the chemical and mechanical resin properties. 
After removing a roll from the freezer, it is important to let the roll warm to room 
temperature still in the sealed bag to prevent the moisture condensation on the material, 
possibly cause of void or porosity problem when it is cured [6]. 
Uncured prepreg carbon fiber is easy to handle and can be cut and laid precisely into 
detailed and intricate molds. The viscosity at room temperature and other properties of 
the resin determine the tack level of the prepreg.  Tackier prepreg requires more delicate 
handling because it may lead to disorientation of fiber, but it will easily stick to mold 
surfaces, less tacky prepreg is easier to handle but may not stick as easily to a mold’s 
surface. Sometimes the tack can be modified by changing the ambient conditions. For 
this reason the lay-up should be carried out in an air-conditioned work space. 
The use of prepreg leads the important advantage of preventing the formation of dry 
spots in the product and it ensures a more uniform thickness and resin content on the 
cured component. Dry spots are a defect that can be present in those manufacturing 
processes where the resin is infused or injected afterwards in a dry fiber preform and the 
resin doesn’t fill in all its areas. 
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3.2 Manual prepreg lay-up 
The large-scale use of hand lay-up process is attributed to the simplicity of the process. 
No expensive equipment is required, and only simple inexpensive tools like brushes and 
rollers are needed. Practically there is no restriction on the size of the product. It is 
possible to mould all shapes and incorporate inserts of any shape and is ideally suited 
for small fabrication units, but the quality and the repeatability of the product depends 
largely on the skill of the person doing the fabrication [5]. 
The process consists in the collocation of the prepreg directly on the mold ply-by-ply, 
so that the product will have a smooth finish only on the side that is in contact with it. 
Moreover, since the prepreg is used to be cured at temperatures up to 180°C, it is 
essential that the mold is able to withstand these temperatures without softening, 
distorting or deteriorating. Before starting the lay-up of the prepreg, the mold surface is 
coated with a release film that will facilitate the removal of the component from the 
mold after the fabrication process is over. 
At this stage prepreg has to be cut and this operation is normally automated unless the 
number of parts to be built does not justify the cost of programming an automated ply 
cutter. However, if hand cutting is selected, templates to facilitate the cutting operation 
may have to be fabricated [6]. Now prepreg is ready to be placed carefully peeling the 
backing paper away and then laying down it onto the mold. The essential thing is that 
each ply is in intimate contact with the ply below. For parts with concave corners, it is 
important that the plies fit down into the radius and do not bridge. If they bridge during 
lay-up, it will usually result in resin-rich corners that can contain porosity and voids 
after cure as seen in figure 3.1. 
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Figure 3.1 Bridging phenomenon for narrow corners. [6] 
The layer is consolidated and the air bubbles are removed by using a roller (figure 3.2), 
so the subsequent layers are laid-up in a similar manner. The lay-up should be vacuum 
debulked every three to five plies or more often if the shape is complex. Vacuum 
debulking consists of covering the lay-up with a layer of porous release material, 
applying several layers of breather material, applying a temporary vacuum bag and 
pulling a vacuum for a few minutes. This helps to compact the laminate and remove 
entrapped air from between the plies. All lay-up operations must be finished before the 
gelation of resin [5]. 
Once all the plies are laminated, the preform is covered with a release film and a 
breather cloth. This breather film is used to uniform the vacuum and it allows air and 
volatiles evacuate out of the lay-up during cure. Sometimes also a gel coat can be 
applied over the release film. It gives superior finish to the product and it provides a 
resin-rich layer that protects the fiber from water and chemicals. 
Now all is sealed with a bag connected to a vacuum pump. When the vacuum is attained 
the bag is isolated from the pump for several minutes to check any leakage in the bag. 
19 
 
 
Figure 3.2 Roller used to consolidate the plies (a), stacking of the different materials during vacuum 
bagging (b) [5]. 
 
 
3.3 Automatic prepreg deposition 
The preform hand lay-up process is clearly affected by the quality variability due to the 
limit of the operators. Therefore, many efforts have been spent to develop several 
automated deposition systems. Those processes are capable of high precision, high 
reproducibility of the parts and, in some cases, of high deposition rates. 
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Figure 3.3 Diversification of the automated fiber deposition machines 
The previous figure shows an overview of the three main machine configurations for 
automatic fiber deposition. Each one can be used as ATL (Automated Tape Laying) or 
AFP (Automated Fiber Placement). Hereafter follows the main technology 
characteristics: 
ATL AFP 
Multiple heads and multiple tools 
Vertical or horizontal Z axis alignment 
Material (unidirectional prepreg, fabric 
prepreg, film material, dry tape) 
Tape widths (75mm / 3in, 150mm / 
6in, 300mm / 12in or custom defined) 
Different machine sizes (productive 
work areas) 
Interpolated dual-knife cutting 
Individual control of each segment on 
the pressure shoe 
Multiple heads and multiple tools 
Vertical or horizontal Z axis alignment 
Number of tows (1, 4, 8, 16, 24, 32) 
Material (thermoset, thermoplastic, dry 
fiber tows) 
Tow widths (3.175mm/0.125in, 
6.35mm/0.25in, 12.7mm/0.5in or custom 
defined) 
Different machine sizes (productive work 
areas) 
Bi-directional placement on both concave 
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Complex shape cuts 
Controlled heating and high uniformly 
distributed compaction force for proper 
homogenization of all layers 
Rotary mandrel axis (optional) 
 
and convex surfaces with independent 
control to tow feed rate 
On-the-fly cutting, clamping and 
restarting of every single tow 
Controlled heating and high uniformly 
distributed compaction force for proper 
homogenization of all layers 
Easy access, quick-clean method to 
maximize the machine’s effective uptime 
Rotary mandrel axis (optional) 
Table 3.1 Main features of ATL and AFP 
ATL can be used with unidirectional prepreg, fabric prepreg or dry tape, ATL employs 
thermoset, thermoplastic or dry tows. Dry fiber is coated with a binder that becomes 
tacky when heated and holds the dry tapes together during layup. Dry fiber brings the 
benefit of less maintenance of the delivery system and head, due to the almost absence 
of resin build-up [9]. Therefore it reduces the number of times that the machines need to 
be stopped and cleaned. 
Using dry fiber can be cut the cost of conditioned storage. 
 
 
3.3.1 Automated Fiber Placement 
Automated Fiber Placement is a hybrid between filament winding and tape laying hence 
it combines the differential tow payout capability of the earlier and the compaction and 
cut-restart capabilities of the second. That is the ability to, automatically and with a low 
time-consuming, cut the fiber tows, reach the new position and restart laying. AFP is 
able to lay, cut or restart and dispense at its own speed any of the individual tows, 
allowing each tow to independently conform to the surface of the part, with very little 
wasted material-scrap rates of 2-5%.  
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Figure 3.4 Schematic representation of the AFP operation. [10]  
The tow width normally ranges from 3,2mm to 4,6mm and depending on whether a 12 
or 32 tow head is used, a single fiber band of 38-147mm is obtained. The tow width of 
the material is very important in controlling the gap and the overlap between the 
prepregged tows [9]. 
A compliant compaction roller, combined with heat for tack enhancement, laminates the 
fiber band onto the lay-up surface. This action of pressing tows onto the work surface 
adheres the tows to the lay-up surface and removes trapped air, minimizing the need for 
vacuum debulking. It also allows the fiber to be laid onto concave surfaces. 
Each tow can be pre-tensioned with different magnitude while being despoiled so that 
the resin does not stick to the spool or the components of the delivery system. Special 
attention has to be paid since a too high tension can cause the fiber to bridge over 
concave areas. 
AFP machines can assume a gantry or robotic arm structure (figure 3.5). The gantry 
system in figure has seven axes of motion numerically controlled to make sure the head 
is normal to the surface as the machine is laminating. 
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Figure 3.5Different configuration of AFP machine. 
Three position axes (carriage, tilt, crossfeed), three orientation axes (yaw, pitch, roll), 
and an axis to rotate the work mandrel. The disadvantage of those machines is that they 
are very expensive and complex. 
Automated Fiber Placement allows  complicated ply shapes, similar to those that can be 
obtained by hand lay-up, but the designer has to take into consideration some 
capabilities and limitations of the process. 
Fiber placement has the ability to steer tows, but not along curves with radii less than 
63,5 cm or they will buckle. The buckling occurs because the fibers on the outside 
steering radius are in tension and the fibers on the inside steering radius are in 
compression. When steering a radius smaller than 63,5cm (25 in.), the tows will begin 
to buckle if laid on a flat or a convex surface, or “Venetian blind” if laid on a concave 
surface. Venetian blinding occurs when the fibers on the inside steering radius of the 
individual tows are adhered to the surface and the fibers on the outside steering radius 
are in the air [9]. 
Another limitation of the fiber placement process is that there is a minimum course 
length that normally varies from 63,5mm to 165mm. This is the distance from the start 
of the lay-down point to where the tow is cut in the head. 
In addition, from the roller diameter depends the minimum convex radius obtainable of 
approximately 3,15mm and the minimum concave radius of 50mm. For concave 
surfaces the designer has also to pay attention that the delivery head can fit into the 
concave area without hitting the surface of the part [6]. 
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Figure 3.6 ATL head scheme. [9] 
 
 
3.3.2 Automated Tape Laying 
In the early 1960’s ATL was invented for a new material form of a unidirectional 
carbon fiber prepreg tape. 
This technology, allowing the lay-up of flat or mildly contoured surfaces, was 
especially attractive for long skin panels for which the manual tape lay-up was 
expensive and often impractical for ergonomic problems associated with the large tools. 
The spread of ATL continued in the late 70’s an 80’s thanks to the machine tool 
builders who developed and marketed the first commercial tape layer and later to 
military programs such as B1 and B2 [11]. 
Figure 3.7 shows how the aeronautical industry employed the ATL technology. 
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Figure 3.7 ATL spread over the years. [12] 
Commercial tape layers are configured for lay-up of flat (Flat Tape Layer FTLM) or 
mildly contoured (Contour Tape Layer CTLM) laminate applications.  
A typical automated tape layer consists of a gantry structure of two parallel rails on 
which moves a cross beam and a bar that lowers and raises a material delivery head. 
The structure has up to 10 axes of movement, 5 axes on the gantry movement and 5 
axes on the delivery head movement. 
 
Figure 3.8 Tape Layer configuration. [10] 
The delivery head is configured to accept commercial tapes of 75 mm (3”), 150 mm 
(6”), 300 mm (12”) widths. FTL (Flat Tape Layer) typically uses material in 150 mm 
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and 300 mm widths, CTL (Contour Tape Layer) uses material in 75 mm and 150 mm 
widths. Both the processes are basically the same head configuration of figure 3.9. 
The tapes are made of unidirectional prepreg placed on a backing paper that allows the 
carriage of the tape inside the delivery head and must be extract as the prepreg is 
applied to the mould.  
 
 
Figure 3.9 Tape layer material delivery head. [9] 
The material comes in large diameter spools and is loaded into the delivery head supply 
reel. The surfaces guides feed the tape to the segmented compaction shoe and warm up 
the tape to improve its surface tackiness. After the compaction shoe, the backing paper 
is extracted and wound on a take up roller [11]. 
The compaction shoe is a series of plates air pressurized to follow the surface 
deviations, maintaining a uniform compaction pressure. A slight pretention is applied by 
rotating the take- up reel to ensure the correct supply of material through the machine. 
When nearing the end of a course, the tape has to be cut. This is done by roller knives 
placed before the segmented shoe. The tape has to be aligned and pressed onto the guide 
surface to not cut the backing paper. To achieve this, a supplemental pretension is 
applied by putting a torque on the supply reel and the take-up reel. 
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It’s clear that the material thickness and the backing paper roles are critical. The cutter 
depth is set as to always cut through the prepreg but not the backing paper. So a strict 
thickness control with tight tolerances is needed [15].The backing paper, moreover, 
must not have a propensity to rip and a high notch sensitivity property is required since 
it gets scored during cutting under a pretension condition. 
Equally important is the impregnation level of the prepreg. It must be sufficient to allow 
the removal from the backing paper and give the required stiffness to facilitate the 
placement. As it has been pointed out, the peel mechanism is most prevalent during the 
lay-up. It is driven by backing paper tack and opposed by the stiffness of the prepreg 
material as illustrated in figure 3.10. Additionally the impregnation level allows prepreg 
cutting without tow separation. 
 
 
Figure 3.10 The peel mechanism during ATL operation. [13] 
Moulds are coated with a release film. An important property of it is its tensile strength 
and elasticity since it has to withstand forces during the automatic tape laying. Second it 
has to be able to withstand  the curing cycle as it is cured together with the laminate and 
be sticky enough so the first ply of tape can adhere to the film but yet non adhesive 
enough to peel the film off after curing. 
ATL has claimed reduction in man-hours and scrap factor and increased the 
manufacture of flat or mildly contoured surfaces. Graph in figure 3.11 shows the 
material lay-up rate of a tape width of 300 mm as a function of the mould dimensions.  
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Figure 3.11 Tape laying rate vs. part size. [10] 
The Automated Tape Laying is a manufacturing process where a large number of 
parameters dominates the success of the final product. Each variable influences more 
properties, as more parameters affect a single property. For example, performance is 
heavily dependent on prepreg tack that is controlled by the temperature, the resin 
volume, the compaction pressure and the feed rate. 
Resin: two failure modes were observed. Termed cohesive and interfacial, the first was 
observed in liquid-like resin leading to the formation of resin strands (figure 3.12a) and 
to the deposition of great amount of resin on the tool surface. The second occurs in 
stiffer materials with little or no resin deposition on the tool surface (figure 3.12b). 
 
Figure 3.12 Resin failure with cohesive failure (a) and interfacial failure (b). [13] 
Temperature: the effect of temperature is that to change the viscoelastic properties of 
the material. Tack level was found to differ from the wet cohesive failure to the dry 
29 
 
interfacial failure. Figure 3.13 shows an example of how the tack varies with 
temperature. 
 
Figure 3.13 Temperature effect on prepreg tack. [13] 
Feed rate: tack level is governed by the resin viscoelastic properties, so by the 
superimposition of time- temperature conditions. A wet failure mode is observed with 
greater resin deposition at low feed rates. The effect of feed rate on tack revealed a 
significant increase in prepreg tack to increased feed rate. However a peak tack level 
may be observed. The succeeding weakening can be explained by the onset of 
interfacial failure due to reduced contact time at higher feed rates. 
ATL is a process with a high sensitivity to the variations of the wide variety of 
parameters. This leads to the formation of different kind of defects on the final laminate. 
The most common are being analysed, searching out the reasons. 
Displacement: it has been noted that the way of laying the plies in direction and 
orientation, leads to the displacement of the laminate. Referring to the coordinate 
system in figure 3.8, if the laminate is comprised of ±45° layers, that is equivalent to 
always starting at the same side of the mould, during lay-up the resulting shear force as 
an orientation of 0°. This causes the laminate to displace along the x-axis relative to the 
release film. The magnitude of displacement varies due to the local differences in 
friction coefficient between the first layer of prepreg and the release film. Other 
contributes are variations in resin distribution, head pressure and head alignment [14]. 
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This defect can be deleted introducing ±135° plies. The -135° lay-up forces cancel out 
the stress build-up of the 45° plies and the 135 lay-up forces cancel out the stress build-
up of the -45° plies. 
Wrinkles and waves: head pressure is necessary to ensure good adhesion between plies 
of prepreg, but too high pressure could produce delamination. During lay-up, shear 
forces between underlying plies, produce compressive forces so that, in conjunction 
with local low adhesion areas, they lead to the buckling of the layers [14].  
As in the aforementioned defect, with ±45° and ±135° lay-up the compressive forces 
cancel each other out. 
Depending on the inter ply friction, two out of plane deformations can be noticed. If the 
inter ply friction is lower than the tape-release film friction and the adhesion between 
two layers is lower than the others, the laminate will exhibit waviness. The top layers 
buckle under the compression leaving the lower layer flat (figure 3.14a). If the friction 
among the layers is higher than that between the first ply and the release film, the 
laminate will wrinkle. This means that the first ply will detach from the release film and 
all layers exhibit an out of plane deformation (figure 3.14b). 
 
 
Figure 3.14 Out of plane deformation: wave (a), wrinkle (b). [14] 
Laps and gaps: a lap is an overlap of two adjacent courses producing a double thickness 
or raised edge. A gap occurs between courses that exceed the 2 mm tolerance. Their 
causes are the width tape variation, the wrong alignment of the delivery head with the 
laying direction, an excessive head pressure or when fibers are not properly cut. 
Regarding laps, when the laydown shoe moves perpendicular over the raised edge it can 
be compressed to a wave or a wrinkle and stay visible until completion. Instead when it 
moves perpendicular over a gap, a transversal force could alter the axial fiber alignment 
in plane or out of plane. 
 
 
31 
 
3.4 Resin Transfer Molding  
Resin Transfer Molding (RTM) is a process developed with the aim to obtain 
components with performance close to those cured in autoclave, thanks to the reduction 
of the void content and increasing the fiber volume fraction.  
 
Figure 3.15 Schematic representation of the RTM process. [16] 
RTM employs a closed mold that provides numerous advantages as a tighter control of 
tolerances, the high surface finish, a larger reproducibly since the human involvement is 
reduced and the lowering of the amount of volatile emissions. 
The preform is laid into the tool, then the mold is closed either manually using bolts and 
clamps, or under the force of a compression press and the preform compacted [17]. This 
procedure permits to reach the desired thickness and much higher ﬁber contents can be 
achieved, but special care should be given to the preforming stage. For example if the 
ﬁber preform is even slightly larger than the mold cavity, closing the mold and ensuring 
a good seal will be difﬁcult. It is also evident that compaction changes the spatial 
arrangement of the fiber bundles, modifying the permeability of the preform and so the 
impregnation phase [18]. 
Now liquid resin is transferred from the reservoir to the mold cavity under pressure. 
Due to the high injection pressures and often high temperatures involved, RTM tools 
are bulky and costly to manufacture and to process. Sealing of the mold must not allow 
resin leakage under high resin pressure which is especially important near the inlet gates 
where the resin is under maximum pressure. Here fiber, under the action of the resin, 
can move and change their orientation. 
The resin front flow within the preform is modeled by Darcy’s law: 
 
K
v= p
μ
   (3.1) 
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where v  is the resin speed, μ is the viscosity of the fluid, p  is the pressure gradient 
and K is the permeability tensor of the preform. 
 
Figure 3.16 Resin flow front in the fiber preform. [3] 
Hence when the pressure is insufficient to overcome the resistance of the preform or the 
viscosity is too high, resin propagation stops causing the incomplete mold ﬁlling. Empty 
spaces and dry spots can be also produced by the improperly venting design of the 
mold. The vents are usually placed at the locations where the resin arrives last so voids 
can be prevented, even if material placement and variability will change the 
permeability of the fabric from one part to another altering the resin ﬂow pattern which 
will not ensure that the resin will arrive at the vents for all the parts [3]. 
At this step the curing process is achieved warming the mold. This target can be 
achieved placing the mold in an oven, circulating water or oil through a channel 
network machined in the thick mold or placed on its outer sides, or attaching an 
electrical heating system to the tool. The second alternative has the advantage to use 
that network as cooling system. 
To achieve the highest mechanical properties, the designers would like to have high 
ﬁber volume fraction; but they should not forget that this decreases the permeability of 
the preform, and thus the resin ﬂow will be more difﬁcult. A higher permeability allows 
a faster mold ﬁlling, or lower injection pressure under constant injection time. 
Regarding the material mold, steel and aluminum are usually used. Both have a high 
thermal diffusivity to quickly and uniformly warm the composite part during the curing 
cycle. Steel has a higher modulus of elasticity and a lower thermal expansion coefficient 
than aluminum, whereby the designer can achieve good dimensional control. But the 
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steel high material and machining costs, jointly its hardness and corrosion resistance 
make this material feasible for high volume manufacturing. For very low volume or 
prototype manufacturing, can be used low-cost and soft materials. Composite molds 
may be employed for a very dimensional accuracy thanks to their low thermal 
expansion coefficient [3]. 
Extremely important is the resin injection equipment. There are simple injectors with no 
capability of mixing the resin with the catalyst so the resin is premixed and contained in 
a pressurized tank. Those injectors require a low investment, but can be suitable only 
for low volume production because the resin requires to be injected before the gelation 
time and too much resin can produce a large amount of heat in the reservoir. Injectors 
able to store and mix multiple components are desirable for high volume production [3]. 
In this way they can control the curing rate by changing the ratio of resin and curing 
agent. During the injection it is important to control also the resin temperature. In the 
injector the reservoir and the connection tube should be heated to keep the resin at the 
desired temperature. 
 
 
3.5 Liquid Infusion 
As we said, RTM is a closed mould process and it offers several advantages as the high 
fiber volume, the thickness control and the minimized workers exposure to the harmful 
volatiles.  However the matched metal tooling becomes difficult and expensive to 
manufacture for large and complex parts. For this reason, also the aviation industry is 
aiming for processes with single side moulds. 
Several processes, following this guideline, have been developed (VARTM, VARIM, 
SCRIMP, FASTRAC, etc.) and are now available. Figure 3.17 gives a schematic view 
of a typical set-up. 
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Figure 3.17 Principle of Liquid Resin Infusion process. [3] 
In addition to the open mould, the equipment consists only of the vacuum pump and a 
resin container. 
The mould is covered by a release film that will facilitate the removal of the part and the 
fiber preform is lead over this film. Then further layer are led over the preform. One 
layer of release film, one of breather material and one of bleeder material that absorbs 
the excess of resin. Then the resin injection ports are placed, which can be also helical 
open tubes to reproduce line of injection for a larger resin supply. Also the vent ports 
are placed and then the vacuum bag is carefully laid-up over the preform and sealed 
along its perimeter by a sealant tape [3]. 
As well as for RTM extremely important is the number and the position of the vents and 
the resin inlets to ensure filling of the preform. 
After having connected the vents and the resin ports respectively to the vacuum pump 
and the resin reservoir, the inlets are clamped and the vacuum is applied to the vents. 
This stage called “pre-filling”, has the multiple function to check any air leakage, to 
remove the air and to compact the preform under the atmospheric pressure. Then the 
inlets are opened and during the “filling stage” the resin impregnates the preform driven 
by the provided pressure of 1atm [19]. 
Due to the low injection pressure, a resin distribution medium is often incorporated into 
the vacuum bag lay-up. This material, with its high permeability, facilitates the resin 
ﬂow in the preform. The resin easily flows into distribution medium, and then leaks in 
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the thickness direction of the preform. The use of distribution medium signiﬁcantly 
reduces the processing time, and it ensures complete wet-out of the preform [16]. 
Note that the resin distribution medium layer must be connected to the resin injection 
ports but not directly in contact with the vent ports. 
Once the resin reaches the vents, the inlets are closed and some minutes are waited to 
remove the excess of resin and to allow the resin pressure to equilibrate into the preform 
[20]. 
The main disadvantage of this process is related to the ﬂexible nature of the vacuum bag 
that makes diﬃcult to control the ﬁnal thickness of the preform, and thus, the ﬁber 
volume fraction. This effect is even more emphasized for those parts not perfectly plane 
where the atmospheric pressure has to overcome the force of gravity of the resin.   
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4 Cost Model 
The parametric cost model considered is exploitable to assess the production cost of a 
wide range of structures made with composites materials and with different processing 
techniques. A parametric model offers the advantage of being easily supported by 
spreadsheet programs, as well as allowing a sensitivity study upon the variables 
affecting the process taken into account. 
 
Figure 4.1 Production cost arrangement. 
The cost estimation model considered decomposes the production cost into the sum of 
the manufacturing cost, the materials inventory cost and the overhead cost. Moreover 
the factors contributing to the manufacturing cost are the materials cost, the labour cost, 
the equipment cost and the tools cost [21]. 
 
 
4.1 Materials Cost 
The materials cost is the item of expenditure related to the purchasing cost of all the raw 
materials needed to produce the product. The amount of each material includes also the 
scraps resulting from the manufacturing process.  
Materials cost is formulated as in the equation 
  1i i i
i
CM D RM PM FSM       (4.1) 
where D  is the annual customer demand, iRM  
is the quantity of material required for 
one product (each with its own unit of measurement e.g. m² for prepreg, Kg for resin 
37 
 
etc.) , iPM  
is the material purchase price in Euro per unit quantity and iFSM  
is the 
scrap factor. The summation of index i  is over the types of materials. 
 
 
4.2 Labour Cost 
Manufacturing process consists of a sequence of operations. Labour cost is the cost of 
all these activities until the finished product. It can be valuated with the equation 
 
o
o
CL D W TS     (4.2) 
where W  is the worker’s hourly wage in €/h, oTS  is the processing time in hours to 
perform the single activity and the index o  indicates the single step. 
 
 
4.3 Equipment Cost  
The equation 4.3 is considered for the assessment of the equipment cost. 
  y j j j j j j
j
CE D IRE PE FM PE D TPE CRE          (4.3) 
yD  is the annual depreciation cost and there are several method to evaluate it. The 
straight-line method (SL), the sum-of-years-digits method (SYD) and the declining 
balance method (DB) [21].  
The equations associated with these methods are: 
(SL)  
 y y j jD d PE SE        1
y
j
d
NE
   (4.4) 
(SYD)  
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(DB)  
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 
   1,2... jy NE        (4.6) 
yd  is the depreciation rate, jPE  is the initial purchasing price in Euro of the equipment 
and 
jSE  is its salvage value in Euro. The salvage value is the equipment value at the 
end of its useful life. This value can be positive, zero or negative if cost of removal is 
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necessary. 
jNE  is the equipment lifetime in years, while y  is the current year of 
service. 
In figure 4.2, showing the equipment book value versus time, the three methods are 
compared and it can be seen how depreciation is constant with time in the SL method 
and decreases in the SYD and DB method. 
In this work the annual depreciation is valuated following the straight-line method (SL). 
 
Figure 4.2 Equipment book value against time. [21] 
The second term of equation 4.3 stands for the interest on the equipment purchase if a 
loan is required. 
jIRE  is the annual interest rate expressed as a percentage of the initial 
purchasing price.  
The third term is the annual equipment maintenance cost calculated also as a percentage 
of the initial purchasing price represented by
jFM . 
The last term shows the sum of the energy costs (electricity, cooling water, compressed 
air,…) necessary for operating the equipment. 
jTPE  is the total processing time in 
hours in which the equipment is working to produce one product and 
jCRE  is the unit 
cost of energy in €/h. The index j  points to the single equipment. 
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4.4 Tool cost 
As well as said for the equipment cost, tool cost consist of the depreciation and the 
interest cost. 
  y k k
k
CT D IRT PT     (4.7) 
To forecast the depreciation cost it is used the straight-line method, therefore holds true 
the following equation.  
 k k
y
k
PT ST
D
NT

   (4.8) 
kPT  is the initial purchasing price in Euro of the tool, kST  is its salvage value in Euro at 
the end of its useful life kNT . 
kIRT  is the interest rate stated as a percentage of the tool purchasing price. The index k  
indicates the single tool. 
 
 
4.5 Materials Inventory Cost 
Inventory cost is tied up with the ordering and the holding cost of the materials. 
  1 / / 2i i i i i i
i
CI AM D RM FSM QM HM QM           (4.9) 
iAM  is the ordering cost in Euro that is the order forms, postage, telephone calls etc. 
cost. iQM  is the amount of the material ordered and iHM  is the holding cost per unit 
quantity. It results from the storage cost affected by rent, lighting, cooling and so on. 
 
 
4.6 Overhead Cost 
Overhead cost includes all those costs related to the production, but are difficult to 
attribute to a specific step in the manufacturing workflow as supervision, rent, light, 
heat. Overhead cost is calculated as a percentage of the sum of the costs seen before.  
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5 Spreadsheet program development 
The previous cost model is implemented in a program built with GUIDE Matlab, the 
Graphical User Interface Development Environment of Matlab, to evaluate the 
production cost of the wing with the manufacturing process changes. 
The main advantage of GUI objects is to make simple and intuitive the program 
utilization to the end-user. 
The program follows the structure of the cost model, so from the Main window you can 
open the other windows, each referred to the single item of expenditure (fig. 5.1).  
 
Figure 5.1 Program flowchart. 
This structure has allowed a modular arrangement of the program. Hence each window 
is independent from the others and, except for the Main window, the Results and the 
Parametric Analysis, needs four files to be executed. These files have been called with 
the same following rule where X stands for the item of expenditure. The first file is 
«X_window.fig» and contains the graphic features of the window. The second file is 
called «X_window.m» and manages the interactivity between the window and the user, 
for example defines what happens clicking on a button or a drop-down menu or 
scrolling a slider. The third file, named «X_starter.m», is run when the window opens 
and loads the data and the settings from the last saving. The fourth file called 
«read_X_window.m» saves the variables value and the settings present in the window, 
so it runs clicking on the corresponding button in the window. 
As for the calculation of the production cost, thanks to the modular structure, five 
spreadsheets calculate one item of expenditure each. The material cost is evaluated by 
«CM.m», the labour cost by «labourcost.m», the equipment cost by «equipmentcost.m» 
the tool cost by «toolcost_calc.m» and the material inventory cost by 
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«inventcost_calc.m». They are all executed by «wing_cost.m» to calculate the 
production cost represented by the variable product_cost as showed below. 
CM 
labourcost 
equipmentcost 
toolcost_calc 
inventcost_calc 
product_cost=(mat_cost+labour_cost+equip_cost+tool_cost+invent_cost).*(1+overh
ead_factor/100); 
 
 
5.1 Main window 
 
Figure 5.2 Main window. 
From the main window it is possible to introduce the first data about the wing like the 
wingspan and the annual wing demand. 
The program allows choosing among five different constructive solutions, saved by the 
program with the variable assembly_type, selectable in the Assembly solution section, as 
follow: 
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1. Multi ribs, the skin panels, the stringers and the two spars are all individually 
manufactured and then joined with fasteners or bonded. 
2. Multi ribs, two spars, the lower and the upper panel have integrated stringers. All 
parts are joined with fasteners or bonded. 
3. Multi ribs. Two spars are cured with the lower or the upper panel. The stringers are 
integrated in the panels. All parts are joined with fasteners or bonded. 
4. Multi ribs cured with the lower or upper panel. Two spars are cured with the same 
lower or upper panel. The stringers are integrated in the panels. All parts are joined 
with fasteners or bonded. 
5. Three spars and the lower and the upper panels with integrated stringers. All parts 
are joined with fasteners or bonded. 
On the right side of the window there are the buttons to open the windows where to set 
all the manufacturing parameters. 
 
 
5.2 Wing parts 
 
Figure 5.3 Wing parts window. 
With the Wing parts window it is introduced the geometry description to evaluate the 
amount of materials iRM  of the cost model. Each of the five constructive solutions has 
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its own window, but being the structure and the way to enter the data the same, here is 
described only the window that will be used in the next chapter for the purposes of this 
thesis. The description is referred only to the half-wing.  
Starting from the ribs, the amount of material is calculated providing the surface and the 
number of plies for each rib. First must be entered the number of ribs, but there is also 
the option to select among four default settings (from 20 to 23 ribs). Every setting is still 
upgradable by the Overwrite button. The table containing the ribs data in figure 5.3, is 
saved as a matrix called data_rib and the ribs material is calculated with the following 
two variables, depending on whether is used a prepreg or a dry fiber.  
rib_prepreg_tot=sum(data_rib(:,1).*data_rib(:,2));      % Prepreg 
rib_fib_tot=sum(data_rib(:,1).*data_rib(:,2));          % dry fiber 
Regarding the upper and the lower panel, first it must be decided the number of 
partitions which the wing is divided in. These partitions allow introducing a variation of 
data along the wingspan. To evaluate only the material of the skins, in the tables must 
be entered the surface and the number of material layers of each partition. The first two 
columns of each table, for all the constructive solution except the one with three spars, 
are saved as a matrix called data_upskin for the upper skin and data_lowskin for the 
lower skin. For the fifth configuration the two tables are saved and named 
table_upskin5 and table_lowskin5. The code that calculates the material is the following 
where the variable numply_conv_upskin will be explained in par. 5.3. 
if strcmp(assembly_type,'type5')==0 
upskin_prepreg_tot=numply_conv_upskin*sum(data_upskin(:,1).*data_upskin(:,2)); 
    upskin_fib_tot=numply_conv_upskin*sum(data_upskin(:,1).*data_upskin(:,2)); 
elseif strcmp(assembly_type,'type5')==1   
upskin_prepreg_tot=numply_conv_upskin*sum(table_upskin5(:,1).*table_upskin5(:,
2));  
upskin_fib_tot=numply_conv_upskin*sum(table_upskin5(:,1).*table_upskin5(:,2)); 
end 
In the same tables are stored the stringers number of layers, the number of stringers in 
each partition and the number of bays for which that partition extends. Their height is 
considered constant in the spanwise and equal to H. 
To calculate the material that composes the two spars, first it is required the description 
of their shape. This is defined by the dimensions W and H (figure 5.3) given in the root 
section, in the section at 50% of the half-wing and in the tip section. These sections are 
connected through a linear law.  
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The number of material layers can be expressed in two alternative ways. The first is to 
consider a uniform number of plies in the section and along the wingspan. The second is 
to fill the two tables in the section Spar’s number of plies fig XX writing in the number 
of plies for the upper and the lower cap and the web in each bay. 
Finally in the bottom right of the window, in the section called Total Amount, it can be 
entered the amount of release agent, mould cleaning fluid and the sealant tape. The 
amount of release film, breather material, bleeder material and vacuum bag is evaluated 
by the program calculating the net surface where they are laid and just the user giving 
the scrap factor. 
 
 
5.3 Material Data 
 
Figure 5.4 Material data window. 
In this window are set the main features of the materials and the manufacturing 
technologies for the production of the wing.  
Analyzing in detail, in the frame A of figure 5.4 are listed the vacuum bagging materials 
and it is possible to write their price per unit quantity and the scrap factor for three of 
them.  
With the drop-down menu in the frame B four different materials are selected (two 
prepreg and two combinations of dry fiber and resin). The panel on the right contains, 
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for each of them, all the properties (density, fiber areal weight, price etc.) needed to the 
assessment of the production cost. 
The drop-down menu in the frame C allows to select one of the four materials. This 
material is the one that the program associates to the wing sizing described in the Wing 
Parts window. This is useful to make comparisons between configurations where the 
wings are made with different materials. The comparison is done in fact with equivalent 
thickness of the wings through the equation 5.1. Thanks to this, the program allows to 
keep unchanged the geometry description in the Wing Parts window to the change of 
the material. 
 2 2 2ref ref refn t E n t E       (5.1)  
In the equation 
refn  is the number of plies entered in the Wing Parts window, reft and 
refE  are respectively the thickness of the single layer and the Young’s modulus of the 
material selected in the previous drop-down menu. The subscript 2 indicates the 
properties referred to the new material. The equation 5.1 allows to evaluate the new 
number of plies 2n  to the change of material. 
The conversion factor of the number of plies is calculated by the program for each part 
of the wing with a variable named  numply_conv_X, where the X stands for the name of 
the part. 
The Material and technology per component section is divided by the wing parts. The 
columns related to the stringers are disabled for the configurations where they are 
integrated in the skin. For each part, by the drop-down menu, the user selects the 
material which the part is made among the four materials set before. Regarding the 
modality of deposition of the prepreg/dry fiber, it must be chosen between the hand lay-
up and the deposition through AFP. The cure of the part instead can be set among the 
cure in oven, in autoclave or with heated mould. 
Finally, on the bottom of the window, in frame D, it can be found the scrap factor of the 
hand lay-up deposition, of the AFP and of the resin if some part involves the resin 
infusion. 
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5.4 Labour Cost  
In this window are listed all the activities from beginning to the finished product: tool 
preparation, material preparation (material supplying and cutting), fiber placement, 
vacuum bagging, liquid infusion, oven cure, autoclave cure, heated mould cure, part 
release, machining, NDI (non-destructive inspection), measuring. 
 
 
Figure 5.5 Labour Cost window. 
The window is sorted in a matrix form. On the lines are placed the manufacturing 
activities and on the columns the wing parts. The boxes of both the manufacturing steps 
and the wing parts which are not related with the configuration under consideration, are 
disabled.  
For each step and for each part it has to be entered the hourly labour cost in €/hr and the 
time needed to execute it in hours, being careful that the data entered must be referred 
only to the half-wing. 
Regarding the calculation, the program save the data in the window as a matrix called 
labcost. Then, with an iterative process, first for each manufacturing activity multiplies 
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the row of the hourly labour cost for the row of the time required and later sums all 
these resulting rows. The result is one row where the single element is total labour cost 
to produce one part of the half-wing. 
 
    for i=1:2:23 
        lb=labcost(i,:,1).*labcost(i+1,:,1); 
        lb3=lb3+lb; 
    end 
To evaluate the labour cost in the total production cost, it only needs to sum the element 
of the row, multiply the result by two and for the annual wing demand.  
labour_cost=2*sum(lb3)*wing_number; 
 
 
5.5 Equipment Cost window 
In the Equipment Cost window there are the items of expenditure concerning the 
equipment.  
 
Figure 5.6 Equipment Cost window. 
As required from the cost model, for each machine you introduce the purchasing price, 
the salvage value, the interest rate and the maintenance cost as a percentage of the 
purchasing price, the hourly cost of the energy. The working hours instead, except for 
the vacuum pump, are evaluated by the program. From the Labour Cost window, for 
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each device, the working time is the sum of the hours wrote in the row of the 
manufacturing step in which the device is used. 
The columns related to the machines that are not used in the manufacturing process in 
the configuration considered are disabled. For that equipment that is not present in 
every configuration are useful two buttons. The button A reloads the data of the 
equipment when it is used again and the button B updates these data if some changes 
occur.  
Data are saved as a matrix called equipcost and the equipment cost is evaluated, by 
referring to the cost model, with the following line: 
equip_cost=sum((equipcost(1,:)-
equipcost(2,:))./equipcost(3,:)+equipcost(4,:)/100.*equipcost(1,:)+equipcost(5
,:)/100.*equipcost(1,:)+2*wing_number.*equipcost(6,:).*equipcost(7,:)); 
 
 
5.6 Toll Cost window 
 
Figure 5.7 Tool Cost window. 
As well as in the previous windows, Tool Cost window has a table form. On the 
columns are listed the wing parts and on the rows the purchasing price, the salvage 
value, the lifetime of the tools in years and the interest rate. All data refer to the tools of 
one half-wing and are saved in a matrix named toolcost. 
The tool cost is calculated as follows. 
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tool_cost=2*sum((toolcost(1,:,1)-
toolcost(2,:,1))./toolcost(3,:,1)+toolcost(4,:,1)/100.*toolcost(1,:,1)); 
 
 
5.7 Material Inventory Cost window 
This is the last window used for the input of data and concerns the costs of order and 
storage of the materials. 
 
Figure 5.8 Material Inventory Cost window. 
On the left side of the window are listed all the materials. In the first six positions there 
are in order the four materials defined in the Material Data window, so two prepreg and 
two configuration of dry fiber and resin. The string of these positions takes the name of 
the related material when it is defined. Then the vacuum bag materials are listed. 
On the columns there are the details required by the cost model: the ordering cost, the 
amount of material ordered and the storage cost per unit quantity of material. 
The structure of the window allows to save the data into a matrix named inventcost and 
to evaluate the inventory cost as follows: 
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invent_cost=sum(inventcost(:,1,1)./inventcost(:,2,1).*mat_tot.*wing_number)+su
m(inventcost(:,2,1).*inventcost(:,3,1)/2); 
where mat_cost is a column vector containing the amounts of materials, scraps 
included, to produce one wing.  
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6 Numerical comparison 
A numerical evaluation have been performed, by using the software program described 
in chapter 5, in order to verify and quantify the economic benefits associated with the 
OoA technology (cure in oven) and with the time saving gained from the AFP, respect 
to the use of prepreg with hand-layup deposition and cure in autoclave. 
In particular are reported  the values of the technological parameters of the above two 
advanced manufacturing processes, for two structural wing configurations: the multi-
ribs and multi-spars configurations. Many operations, however, are the same in all the 
manufacturing processes and they don’t produce any changes in the cost-model 
comparison. The overhead cost instead, according to the cost model, is calculated for all 
the configurations as the 50% of the direct cost. The production cost is calculated for an 
annual shipset of 25 wings. 
 
 
6.1 Raw materials 
The cost of raw materials is an item of expenditure of a great burden in the production 
cost of a wing. But their cost varies widely from the supplier and the order quantity.  
In this thesis the prepreg considered for the first process is the Hexcel AS4/8552 UD. In 
the second process the dry fiber considered is the Hexcel IMA (12k) and the resin is the 
Hexcel RTM 6. In the following tables are listed their price and their physical properties 
that the program requires to evaluate the amount of material and the weight of the 
structure. 
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Hexcel IMA (12k) & RTM 6 
Density of fiber 1.79 g/cm³ 
Young’s Modulus of fiber 297 GPa 
Fiber areal weight 194 g/m² 
Fiber volume fraction 57% 
Density of resin 1.14 g/cm³ 
Cured ply thickness 0.13 mm 
Price of fiber 30 €/m² 
Price of resin 101 €/Kg 
Table 6.1 Table with physical properties and price of raw materials. 
In table 6.2 there are the information about all the consumable materials used in the 
vacuum bagging. 
Material Price 
Release agent 24€/L 
Mould cleaning fluid 4€/L 
Release film 5€/m² 
Breather material 5€/m² 
Bleeder material 5€/m² 
Vacuum bag 2€/m² 
Sealant tape 0.5€/m 
Table 6.2 Price of consumable materials. 
 
 
Hexcel AS4/8552 UD 
Density of fiber 1.79 g/cm³ 
Young’s Modulus of fiber  231 GPa 
Fiber volume fraction 57.42% 
Density of resin 1.3 g/cm³ 
Cured ply thickness 0.13 mm 
Laminate density 1.58 g/cm³ 
Price  32 €/m² 
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6.2 Parts geometry 
 
Figure 6.1 Half-wing of the multi-rib configuration. 
In the multi-ribs configuration the half-wing is composed by 22 ribs, 2 spars, the upper 
and the lower panels (21 wing bays). The multi-spars configuration has no ribs, 3 spars, 
the upper and the lower panels. The following tables contain the geometry dimensions 
and the number of material plies for each part. The following data result from a sizing 
considering as material the Hexcel AS4-8552 prepreg. The number of plies, in the 
solutions made of IMA (12k), is evaluated referring to the equation 5.1 
The total amounts of material depend on the manufacturing technology employed. In 
fact the net amounts must be multiplied by the scrap factor related to particular process. 
For the hand layup is considered a scrap factor of 25%, for the AFP of 3% and for the 
liquid infusion of 5%. 
The wing considered passes through the fuselage, and the peak of the number of plies in 
the second-third bay of the half-wing is due to the presence of the engine. 
Ribs 
Consistent with what said in chapter 5, the ribs are described by their surface and 
number of plies. The progressive number of the ribs in the table 6.3 increases from the 
root to the tip of the half-wing. 
Number of 
rib 
Surface 
(m²) 
Number of 
plies 
Number of 
rib 
Surface 
(m²) 
Number of 
plies 
1 0,1574 22 12 0,0691 14 
2 0,1445 22 13 0,06297 14 
3 0,1326 33 14 0,05712 14 
4 0,173 22 15 0,05161 14 
5 0,1647 29 16 0,04644 10 
6 0,1084 18 17 0,04144 14 
7 0,102 22 18 0,03668 10 
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8 0,09625 16 19 0,03225 10 
9 0,08904 16 20 0,02804 10 
10 0,08208 14 21 0,02414 10 
11 0,07546 14 22 0,0411 10 
Table 6.3 Ribs data. 
Upper panel 
Regarding the upper and the lower panels, they are considered equal among the multi-
ribs and the multi-spars configuration. Furthermore the data are provided for each bay 
starting from the root. In table 6.4 are also written the number of stringers in each bay. 
The number of plies of the stringers is the same of that of the skin in that bay. 
Number of bay Surface (m²) Number of plies 
Number of 
stringers 
1 0.3060 61 7 
2 0.2952 110 7 
3 0.2033 64 7 
4 0.1978 64 7 
5 0,1892 64 6 
6 0,1476 60 6 
7 0,1449 57 6 
8 0,1797 54 6 
9 0,1727 55 5 
10 0,1662 48 5 
11 0,1594 47 5 
12 0,1535 41 5 
13 0,1465 37 4 
14 0,1407 34 4 
15 0,1328 27 4 
16 0,1278 23 4 
17 0,1205 20 3 
18 0,1145 17 3 
19 0,108 17 3 
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20 0,1013 10 2 
21 0,1018 10 0 
Table 6.4 Upper panel data. 
 
Figure 6.2 Number of plies distribution along the spanwise (upper skin panel). 
 
Lower panel 
Number of bay Surface (m²) Number of plies 
Number of 
stringers 
1 0,3099 60 4 
2 0,2461 73 4 
3 0,2024 97 4 
4 0,1969 71 4 
5 0,1883 71 4 
6 0,147 60 4 
7 0,1443 57 4 
8 0,1789 54 4 
9 0,1719 55 4 
10 0,1655 48 4 
11 0,1588 47 4 
12 0,1529 41 3 
13 0,146 37 3 
14 0,1402 34 3 
15 0,1323 27 3 
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16 0,1273 23 3 
17 0,1201 20 3 
18 0,1141 17 3 
19 0,1077 10 2 
20 0,101 10 2 
21 0,1015 10 0 
Table 6.5 Lower panel data. 
 
Figure 6.3 Number of plies distribution along the spanwise (lower skin panel). 
 
Spars 
The geometry description of the spars is done giving the dimensions W and H in the 
root, middle and tip section as illustrated in the paragraph 5.2.  
 Front spar Middle spar Rear spar 
 W (mm) H (mm) W (mm) H (mm) W (mm) H (mm) 
Root 32 182 70 198 35 198 
Middle 32 118 70 128 35 128 
Tip 12 60 24 66 12 66 
Table 6.6 Geometry dimension of the front, middle and rear spars. 
The number of plies is considered constant in the section, so the web, the upper and the 
lower caps, but is variable along the spanwise as shown below. 
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Number of bay Front spar Middle spar Rear spar 
1 63 65 65 
2 110 73 73 
3 110 64 64 
4 58 60 60 
5 51 54 54 
6 50 48 48 
7 42 37 37 
8 37 34 34 
9 36 27 27 
10 34 24 24 
11 30 23 23 
12 29 20 20 
13 24 17 17 
14 24 15 15 
15 22 14 14 
16 17 14 14 
17 17 12 12 
18 14 10 10 
19 14 10 10 
20 9 10 10 
21 9 10 10 
Table 6.7 Spars number of plies distribution. 
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Figure 6.4 Front spar number of plies distribution. 
 
 
 
Figure 6.5 Middle spar number of plies distribution. 
 
 
 
Figure 6.6 Rear spar number of plies distribution. 
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6.3 Manufacturing steps 
To evaluate the labuor cost is first necessary to identify all the operations leading from 
the raw material to the final product and the time spent in each of them. 
The whole manufacturing process is divided into 9 operations for the configurations 
using prepreg and 10 for those using dry fiber due to the addition of the resin infusion 
step. The list of operations consists in: tool preparation, material preparation, 
fiber/prepreg deposition, vacuum bagging, liquid infusion, cure (autoclave, oven or 
heated mould), release of the part, machining, NDI, measuring.  
Much of them are independent from the selection of the manufacturing process, hence 
they don’t produce variation in the comparison between configurations. 
The material preparation step includes the material supply and, referring to the prepreg, 
the cut according to the shape of the part and the fiber orientation. 
Regarding the time needed to the material deposition, the lay-up rate depends on the 
size and the complexity of the part. In this work the hand lay-up rate is equal to 0.7 
Kg/h and the AFP deposition rate is 7 Kg/h for the panels and 3 Kg/h for the spars and 
the ribs. 
The cure cycle is provided by the material supplier. For example figure 6.7 shows the 
time courses of temperature and pressure of the prepreg AS4-8552 during the curing 
process. 
 
Figure 6.7 AS4-8552 autoclave cure cycle. [22] 
Finally to evaluate the labour cost it has been considered an hourly labour cost of 45€/h. 
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The following tables show the time spent in each step and for each part, for the four 
configurations under consideration. 
Multi-ribs configuration - hand layup - cure in autoclave 
 Upper panel Lower panel Front spar Rear spar Ribs 
Tool preparation 2 2 1 1 2 
Mat. preparation 35 30 13 11.4 20 
Mat. deposition 65 57 15.3 13.4 25 
Vacuum bagging 4 4 1 1 11 
Cure 5 5 5 5 5 
Release part 4 4 0.7 0.7 2 
Machining 2 2 0.7 0.7 3 
NDI 4 4 0.7 0.7 3 
Measuring  2 2 0.7 0.7 3 
Table 6.8 Time spent for each step in hours. 
 
 
Multi-ribs configuration - AFP - cure in oven 
 Upper panel Lower panel Front spar Rear spar Ribs 
Tool preparation 2 2 1 1 2 
Mat. preparation 0.5 0.5 0.3 0.3 0.3 
Mat. deposition 3.5 2.8 2 1.6 2 
Vacuum bagging 4 4 1 1 11 
Liquid infusion 0.5 0.5 0.3 0.3 3.5 
Cure 5.3 5.3 5.3 5.3 5.3 
Release part 4 4 0.7 0.7 2 
Machining 2 2 0.7 0.7 3 
NDI 4 4 0.7 0.7 3 
Measuring  2 2 0.7 0.7 3 
Table 6.9 Time spent for each step in hours. 
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  Multi-spars configuration - hand layup - cure in autoclave 
 Upper panel Lower panel Front spar Middle spar Rear spar 
Tool preparation 2 2 1 1 1 
Mat. preparation 35 30 13 14.8 11.4 
Mat. deposition 65 57 15.3 17.4 13.4 
Vacuum bagging 4 4 1 1 1 
Cure 5 5 5 5 5 
Release part 4 4 0.7 0.7 0.7 
Machining 2 2 0.7 0.7 0.7 
NDI 4 4 0.7 0.7 0.7 
Measuring  2 2 0.7 0.7 0.7 
Table 6.10 Time spent for each step in hours. 
 
 
Multi-spars configuration - AFP - cure in oven 
 Upper panel Lower panel Front spar Middle spar Rear spar 
Tool preparation 2 2 1 1 1 
Mat. preparation 0.5 0.5 0.3 0.3 0.3 
Mat. deposition 3.5 2.8 1.8 2 1.5 
Vacuum bagging 4 4 1 1 1 
Liquid infusion 0.5 0.5 0.3 0.3 0.3 
Cure 5.3 5.3 5.3 5.3 5.3 
Release part 4 4 0.7 0.7 0.7 
Machining 2 2 0.7 0.7 0.7 
NDI 4 4 0.7 0.7 0.7 
Measuring  2 2 0.7 0.7 0.7 
Table 6.11 Time spent for each step in hours. 
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6.4 Equipment 
The set of equipment required to the manufacturing process can heavily affect the 
production cost. Equipment as the autoclave and the AFP machine are very expensive, 
then must be evaluated if the benefits that they introduce can justify their purchase. 
Some machines instead, are essential and therefore common to all the manufacturing 
configurations and they are: vacuum pump, NDI scan, NC machining and CMM 
measuring machines. 
The table 6.12 shows the detail of the equipment cost. According to the cost model the 
interest rate and the maintenance cost are a percentage of the purchasing price. 
 
 Purchasing 
price (€) 
Salvage 
value (€) 
Lifetime 
(years) 
Interest 
(%) 
Maintenance 
(%) 
Energy 
cost (€/h) 
Vacuum 
pump 
3000 300 15 4 2.25 0.5 
Resin 
reservoir 
1000 100 10 4 10 0.5 
AFP 
machine 
2500000 300000 20 4 3 1.5 
Oven 100000 1000 20 4 10 6 
Autoclave 1200000 120000 20 4 10 6.5 
Prepreg 
cutter 
75000 7500 20 4 3 3 
NDI scan 800000 80000 20 4 10 1.5 
NC 
machining 
300000 30000 20 4 10 1.5 
CMM 
measuring 
120000 12000 20 4 10 1.5 
Table 6.12 Equipment cost detail. 
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6.5 Tools 
The tool cost is an item of expenditure that doesn’t change with the manufacturing 
changes of the configurations studied. However, tools can be very expensive and they 
finally represent a large portion of the production cost. Their price depends first by the 
material they are made of, that depends in turn, for example, by the number of parts that 
it has to be produced. 
The following table shows the tool data for each part of the multi-ribs and multi-spars 
configurations. 
 
 
 Purchasing 
price (€) 
Salvage value 
(€) 
Life time 
(years) 
Interest (%) 
Upper panel 180000 18000 2 4 
Lower panel 150000 15000 2 4 
Front spar 30000 3000 2 4 
Middle spar 50000 5000 2 4 
Rear spar 30000 3000 2 4 
Ribs 80000 8000 2 4 
Table 6.13 Tool cost data. 
 
 
6.6 Material inventory  
The main cost item in the material inventory cost, is represented by the storage. This 
cost depends not only by the management of the store, but also by insuring particular 
environmental condition like a control of temperature. 
Table 6.14 shows the storage cost per unit quantity of material for all the materials. 
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 AS4-8552 UD IMA (12k) RTM-6 Release agent Cleaning fluid 
Unit cost 2.5 €/m² 1.5 €/m² 2.5 €/KG 1 €/L 1 €/L 
 Release film Breather mat. Bleeder mat. Vacuum bag Sealant tape 
Unit cost 1.5 €/m² 1.5 €/m² 1.5 €/m² 1.5 €/m² 1 €/m 
Table 6.14 Material storage cost.  
65 
 
7  Results 
This chapter shows the details of the production cost resulting from the program and the 
cost model, for the four compared configurations. The main task of the program is to 
evaluate the production cost of the wing, but calculating the amount of all the materials, 
can also give an estimate of the weight of the structure to be then compared with that 
one calculated by a sizing program. 
In this chapter will be used the following abbreviations to refer to the four 
configurations. 
1) Multi-ribs, hand layup of prepreg and cure in autoclave: MR+HLP+AC; 
2) Multi-ribs, deposition of dry fiber by AFP and cure in oven: MR+AFP+OC; 
3) Multi-spars, hand layup of prepreg and cure in autoclave: MS+HLP+AC; 
4) Multi-spars, deposition of dry fiber by AFP and cure in oven: MS+AFP+OC. 
 
 
7.1 Detail of production cost 
In the table 7.1 there are some useful results as the weight of the wing and of all its 
parts, the production cost and the cost of the main items of expenditure, the quantity of 
the structural materials. Regarding the amounts of materials showed, the scraps are 
included too. All the results are referred to a single wing. 
 MR+HLP+AC MR+AFP+OC MS+HLP+AC MS+AFP+OC 
Wing weight 231 Kg 172 Kg 247 Kg 183 Kg 
Upper panel 
weight 
45.5 Kg 33.9 Kg 47.3 Kg 35.2 Kg 
Lower panel 
weight 
40.3 Kg 30 Kg 43.7 Kg 32.5 Kg 
Front spar weight 11.8 Kg 8.8 Kg 10.7 Kg 8 Kg 
Middle spar 
weight 
  12.8 Kg 9 Kg 
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Rear spar   
weight 
10.4 Kg 7.7 Kg 9.4 Kg 7 Kg 
Ribs weight 7.2 Kg 5.3 Kg   
Production cost 180 K€ 116 K€ 178 K€ 112 K€ 
Specific cost 779 €/Kg 674 €/Kg 723 €/Kg 613 €/Kg 
Material cost 46 K€ 26 K€ 49 K€ 27 K€ 
Labour cost 34 K€ 10 K€ 31 K€ 8 K€ 
Equipment cost 19 K€ 22 K€ 19 K€ 22 K€ 
Tool cost 18 K€ 18 K€ 17 K€ 17 K€ 
Inventory cost 2 K€ 1 K€ 2 K€ 1 K€ 
Overhead cost 60 K€ 39 K€ 59 K€ 37 K€ 
AS4-8552 UD 1404 m²  1501 m²  
IMA (12k)  634 m²  658 m² 
RTM-6  58 Kg  62 Kg 
Table 7.1 Main results for a single wing. 
The following figures show the percentage of production cost of the main items of 
expenditure for the four configurations. 
 
Figure 7.1 Production cost detail of the MR+HLP+AC configuration. 
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Figure 7.2 Production cost detail of the MR+AFP+OC configuration. 
 
 
Figure 7.3 Production cost detail of the MS+HLP+AC configuration. 
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Figure 7.4 Production cost detail of the MS+AFP+OC configuration. 
 
 
7.2 Material cost detail 
In the following figures is possible to observe, for each configuration, the weight of the 
cost of all the materials into the material cost item.  
Predictably the cost of the vacuum bagging materials is clearly exiguous. 
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Figure 7.5 Material cost detail of the MR+HLP+AC configuration. 
 
 
 
Figure 7.6 Material cost detail of the MR+AFP+OC configuration. 
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Figure 7.7 Material cost detail of the MS+HLP+AC configuration. 
 
 
Figure 7.8 Material cost detail of the MS+AFP+OC configuration. 
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7.3 Labour cost detail 
Labour cost has a great burden in the production cost and one of the aims of this thesis 
is to quantify how it changes with the manufacturing methodology variations. To 
achieve this task, the following figures represent the labour cost of each step that 
composes the whole manufacturing process for the compared configurations. 
 
Figure 7.9 Labour cost detail of the MR+HLP+AC configuration. 
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Figure 7.10 Labour cost detail of the MR+AFP+OC configuration. 
 
 
Figure 7.11 Labour cost detail of the MS+HLP+AC configuration. 
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Figure 7.12 Labour cost detail of the MS+AFP+OC configuration. 
 
 
7.4 Equipment cost detail 
As previously said, automation plays an important role in order to reduce the labour 
cost, but the purchasing price and the maintenance cost make the equipment generally 
expensive. To better understand their possible benefits, the following diagrams show the 
cost of each equipment. 
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Figure 7.13 Equipment cost detail for the MR+HLP+AC configuration. 
 
 
Figure 7.14 Equipment cost detail for the MR+AFP+OC configuration. 
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Figure 7.15 Equipment cost detail for the MS+HLP+AC configuration. 
 
 
Figure 7.16 Equipment cost detail for the MS+AFP+OC configuration. 
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7.5 Tool cost detail 
Tool cost doesn’t change with the manufacturing process taken into account, but 
changes between the Multi-ribs and Multi-spars configuration. Below are shown the 
cost of each tool for the two configurations. 
 
Figure 7.17 Tool cost detail of the Multi-ribs configurations. 
 
 
Figure 7.18 Tool cost detail of the Multi-spars configurations. 
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7.6 Sensitivity analysis 
From the pie charts of paragraph 7.1 together the figures of the costs detail, emerges 
that some variables deeply affect the production cost, more than the other parameters. 
Then, even a small variation of them can yield a great change of the production cost. 
One of them, for example, is the material cost and it has been said earlier how the 
material price is widely influenced by the amount of material purchased and by the 
supplier. The following figures show how the production cost changes with the 
variation of the price of the materials, the hourly labour cost and the time spent for the 
deposition of the material of the whole wing. 
The horizontal black line represents the actual production cost. 
 
Figure 7.19 Sensitivity analysis of the MR+HLP+AC configuration. 
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Figure 7.20 Sensitivity analysis of the MR+AFP+OC configuration. 
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Figure 7.21 Sensitivity analysis of the MS+HLP+AC configuration. 
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Figure 7.22 Sensitivity analysis of the MS+AFP+OC configuration. 
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8 Conclusions  
The study demonstrated that the most cost effective solutions are the ones based on the 
deposition of dry fiber by AFP and cure in the oven.  
This result was not a foregone conclusion. In fact it is widely dependent on the 
production volume; in particular in this work the production cost has been calculated for 
an annual shipset of 25 wings. The initial high fixed cost of the equipment must be 
amortised by the reduction of the labour cost. 
For example, taking into account the multi-ribs configuration and the results for the 
single wing, it turns out that: 
 the AFP machine represents the 54%  of the whole 22K€ of equipment cost; 
 the fiber placement is the 10% of the 10K€ of labour cost;  
 regarding the hand layup solution, the prepreg deposition represents the 46.3% of 
the 34K€ of the labour cost.  
Making the comparison, the AFP machine implies an overall cost less than the 18% per 
wing against the hand layup configuration. 
This result is not sufficient to explain the great difference, from 180K€ to 116K€, 
between the two configurations.  
In fact the adoption of the AFP machine brings the further advantage of the reduction of 
the material waste. The drop from 1404 m² of AS4-8552 UD to 634 m² of IMA (12K) is 
due to the higher mechanical properties of the second material, but primarily to the 
reduction of the scrap factor carried out by the AFP technology. 
Moreover, another factor that should be considered and affects mostly the hand layup 
configuration is the learning curve. This curve expresses the tendency, in the initial 
stages of the production, to have longer times to perform any operation. This factor 
would increase the gap between the production cost of the configurations using the AFP 
system and the hand layup. 
The choice of the cure system introduces further differences into the production cost. 
Always referring to the multi-ribs configuration and to the results evaluated for a single 
wing, it results that: 
 the autoclave ownership and operating costs account for the 49% of the 19K€ of the 
equipment cost; 
 the oven ownership and operating costs weights for the 4% of the 22K€.  
Therefore the oven leads a further cost saving of the 44% of the equipment cost. 
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Explained how the configurations based on the AFP technology and the cure in oven 
allow a notable reduction of the production cost, the most cost effective  solution is the 
multi-spars configuration with a cost of 112K€.  
However there is little difference attributed to the less time spent depositing the fiber of 
the middle spar compared to the 22 ribs, and the lower tool cost for the middle spar.  
Anyhow, it must be underlined that no assembly costs has been considered in this 
assessment of the production cost. This further item of expenditure can increase the 
disproportion between the multi-ribs and the multi-spars configurations forecasting a 
greater cost in the assembly of 22 ribs compared to only the middle spar. 
 
 
  
  
83 
 
 
9 References  
[1] Mazumdar, S.K., 2002, Composites Manufacturing: Materials, Product and Process 
Engineering. CRC Press. 
[2] Kulbir Singh Madhok, Comparative characterization of out-of-Autoclave materials 
made by automated fiber Placement and hand-lay-up processes, Thesis in the 
department of mechanical and industrial ingineering, Concordia University, 2013. 
[3] Suresh G. Advani, Kuang-Ting  Hsiao, 2012, Manufacturing techniques for polymer 
matrix composites (PMCs), Woodhead Publishing. 
[4] Michael F. Ashby, 1999, Materials selection in mechanical design, Butterworth-
Heinemann. 
[5 ]M. Balasubramanian, 2014, Composite materials and processing, CRC Press. 
[6] F. C. Campbell, 2004, Manufacturing Processes for Advanced Composites, Elsevier. 
[7] Hota V. S. GangaRao, Narendra Tao, P. V. vijay, 2007, Reinforced concrete design 
with FRP composites, CRC Press. 
[8] Beginners’ Guide to Out-of-Autoclave Prepreg Carbon Fibre, Easy Composites. 
[9] D.B. Miracle, S.L. Donaldson, 2001, ASM Handbook, vol. 21, Composites, ASM 
International. 
[10] F. C. Campbell, 2006, Manufacturing Technology for Aerospace Structural   
Materials, Elsevier. 
[11] Michael N. Grimshaw, Carroll G. Grant, Jose Manuel Luna Diaz, Advanced 
technology for affordable manufacturing of large composite structures. 
[12] Carroll Grant, Automated Tape Layer Processing for Composite Componets,5
th
 
Annual SPE Automotive Composites Conference Troy Michigan. 
[13] R. J. Crossley, P. J. Schubel, N. A. Warrior, The experimental characterisation of 
Prepreg tack, Faculty of Engineering The University of Nottingham. 
[14] Alexander Jordaens, Tim Steensels, formation of defects in flat laminates during 
automatic tape laying, Faculty of Engineering Technology, Campus Group T 
Andreas Vesaliusstraat. 
[15]  MIL-HDBK-17-3F, Volume 3 of 5, 17 JUNE 2002. 
[16] Xiaolan Song, 2003, Vacuum Assisted Resin Transfer Molding (VARTM):Model 
Development and Veriﬁcation, Faculty of the Virginia Polytechnic Institute. 
84 
 
[17] Daniel E. Davenport, Richard Petrovich, & Gerald Sutton, Low pressure resin 
transfer molding or cost effective aircraft quality structures, North Coast 
Composites, Cleveland OH. 
[18] Susanna Laurenzi and Mario Marchetti, 2012, Advanced Composite Materials by 
Resin Transfer Molding for Aerospace Applications, Composites and Their 
Properties, Prof. Ning Hu (Ed.), InTech. 
[19] Q. Govignon, s. Bickerton, P. A. Kelly, Simulation of the complete resin infusion 
process, The University of Auckland. 
[20] Ajit D. Kelkar and Jitendra S. Tate, Low Cost Manufacturing of Textile Composites 
Using Vacuum Assisted Resin Transfer Molding, Center for Advanced Materials 
and Smart Structures Department of Mechanical Engineering North Carolina A&T 
State University Greensboro. 
[21] N. Berenet, M. D. Wakeman, P.-E. Bourban, J.-A. E. Manson, 2002, An integrated 
cost and consolidation model for commingled yarn based composites, Laboratoire 
de Technologie des Composites et Polymères, Ecole Polytechinque Fédérale de 
Lausanne. 
[22] HexPly 8552 Product Data, Hexcel. 
 
 
